TNFα-induced protein 2 (TNFAIP2) is a primary response gene of TNFα. TNFAIP2 is highly expressed in immune cells and the urinary bladder. The expression of TNFAIP2 is regulated by multiple transcription factors and signalling pathways, including NF-κB, KLF5 and retinoic acid. Physiologically, TNFAIP2 appears to be a multiple functional mediator not only for inflammation, angiogenesis and tunneling nanotube (TNT) formation but also as a regulator of cell proliferation and migration.
In this review, we first summarize the biochemistry of TNFAIP2, including its gene and protein structures, expression patterns, interacting proteins, and signalling pathways. Then, we review the cellular and physiological functions of TNFAIP2, including inflammation, angiogenesis, cell proliferation, migration, membrane nanotube formation and antivirus process ( Figure 1 ). In addition, the abnormal expression of TNFAIP2 in human diseases is summarized. Finally, we discuss the future research directions for TNFAIP2.
| BIOCHEMISTRY

| Gene and protein structures
The TNFAIP2 gene is located at the q32 region of chromosome 14, spanning 11.11 kb genomic DNA with 11 exons. The full-length cDNA of human TNFAIP2 consists of 4180 bp with a 131-bp 5′-untranslated region (UTR), a 2083-bp 3′-UTR and a 1965-bp sequence coding for a 654-amino acid polypeptide.
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TNFAIP2 cDNA encodes a 73-kDa polypeptide, which consists of helix bundles arranged in a straight rod-like shape, similar to the membrane tethering complex subunits. The crystal structure of the near-full-length TNFAIP2 structure has significant similarity to subunits of membrane tethering complexes, including the exocyst complex, the Dsl1 complex, the conserved oligomeric Golgi (COG) complex and the Golgi-associated retrograde protein (GARP) complex. 7 
| Expression
TNFAIP2 is most abundant in immune cells and the urinary bladder at both mRNA and protein levels. Based on Northern blot analysis, TNFAIP2 mRNA is highly expressed in the spleen, lymph node, fetal kidney, fetal and adult lung, and placenta. The expression of TNFAIP2 is also enriched in endothelial cells, 3 myelomonocytic cells, peripheral blood monocytes, 5 intestinal M cell, dendritic cells, macrophages 4 and mature sperm. 3 During mouse development, TNFAIP2
follows the course of hematopoiesis and is successively expressed in the fetal liver, adult spleen and bone marrow. While most tissues express a 4.1-kb transcript of TNFAIP2, a 2.5-kb transcript is expressed in the mouse placenta and testes.
3
TNFAIP2 protein is mainly localized to the cytosol and the Golgi apparatus and additionally localized to the nucleus and nuclear membrane. TNFAIP2 is also enriched at the actin-based membrane ruffles and protrusions 6, 8 and was predicted to be an intracellular protein by several bioinformatic analyses.
| Interacting proteins
To date, 6 TNFAIP2 interacting proteins have been identified. The co-immunoprecipitation assays showed that TNFAIP2 interacts with actin and is involved in the formation of actin-based membrane protrusions in NPC-TW02 cells. 4, 9 We reported that TNFAIP2 interacts with the 2 small GTPases, Rac1 and Cdc42, thereby regulating actin cytoskeleton and cell morphology in breast cancer cells. In vitro GST-pulldown assay indicated that TNFAIP2 directly interacts with Rac1, but not Cdc42. 6 Similarly, another small GTPase RalA has been shown to directly bind to TNFAIP2 to induce the membrane nanotube formation in HeLa cells. 4 Schiller et al 10 found that leucocytespecific transcript 1 (LST1) directly interacts with TNFAIP2 to mediate the formation of functional nanotubes. In addition, the Reference Genome Annotation Project predicates that TNFAIP2 is a soluble Nethylmaleimide-sensitive factor attached protein receptor (SNARE)-binding protein. 
| KLF5
We found that TNFAIP2 was a direct downstream target gene of KLF5. A microarray study in the TSU-Pr1 bladder cancer cell line indicated that KLF5 induced the expression of TNFAIP2. 19 Then, we demonstrated that KLF5 and TNFAIP2 are coexpressed in breast cell lines and tumours, and KLF5 directly binds to the 2 Sp1 sites at the TNFAIP2 gene promoter to regulate its transcription. Moreover, KLF5 promotes breast cancer cell proliferation, migration and invasion, at least in part, through TNFAIP2. 6 Interestingly, both KLF5 and TNFAIP2 are induced by proinflammatory factors, such as TNFα, 20 lipopolysaccharide, 21 IL-1β, 22 and TPA. 3, 6 KLF5 has been shown to form a complex with NF-κB to regulate target genes. 23 It is likely that KLF5 and NF-κB form a transcription complex at the TNFAIP2 gene promoter and coordinately regulate TNFAIP2 gene transcription.
In addition, KLF5 also interacted with the RAR, and synthetic RAR ligands modulated KLF5 transcriptional activity and affected stress responses in the cardiovascular system in a KLF5-dependent manner. 24 Consistently, ATRA inhibited the proliferation of intestinal epithelial cells by inhibiting the expression of KLF5. 25 Synthetic retinoid Am80 suppresses KLF5 expression and smooth muscle phenotypic modulation and in-stent neointima formation. 26 Thus, the induction of TNFAIP2 by RA may be cell line-specific and KLF5-independent.
Finally, a ChIP-seq analysis in HEK293 cells indicated that TNFAIP2 is one of 59 target genes of BTB and CNC homology 1 (BACH1). 27 BACH1 constitutes a major link between the cellular heme level, the redox state and the transcriptional response. The function of TNFAIP2 in the heme-BACH1 pathway needs further study.
| CE LLULAR AND PHYSIOLOGICAL
FUNCTIONS OF TNFAIP2
| Inflammation
TNFAIP2 is involved in the NF-κB signalling pathway to regulate the cell inflammatory response. TNFAIP2 is phosphorylated by PLK upon LPS stimulation. 28 The TNFAIP2 gene promoter is highly acetylated at histone H4 in L. pneumophila-infected human blood-derived macrophages (BDMs). Furthermore, TNFAIP2 is highly induced at both the mRNA and 
| Angiogenesis
TNFAIP2 is an important angiogenic factor. In an in vitro angiogenesis experiment, the HUVECs could form vascular-like structures within 1 to 2 hours of plating onto the matrigel. TNFAIP2 expression increased with the formation of capillary tube-like structures. 3 During mouse embryogenesis, TNFAIP2 expression patterns followed the course of hematopoiesis. It was successively expressed in the myocardium and liver. After birth, its expression shifted to the spleen and thymic medulla. 5 Based on the immunohistochemical staining in 95 nasopharyngeal carcinoma biopsy specimens, a significant correlation between TNFAIP2 expression and intratumoral microvessel density was observed. 
| Adhesion and migration
We found that TNFAIP2 contributes to KLF5-induced cell adhesion, migration and invasion in breast cancer. 6 TNFAIP2 interacts with the 2 small GTPases Rac1 and Cdc42 and regulates the formation of filopodia and lamellipodia, which provide force to cell motility. 6 Chen et al reported that TNFAIP2 contributes to LMP1-induced cell motility in nasopharyngeal carcinoma. TNFAIP2 is associated with actin, modulates actin-based protrusion formation and promotes the migration of nasopharyngeal carcinoma cells. 8 In agreement with this, the TNFAIP2 expression was significantly correlated with distant metastasis-free survival in nasopharyngeal carcinoma patients. In the TNFAIP2
high expression nasopharyngeal carcinoma specimen group, 40.5% of patients developed distant metastasis; this proportion was only 12.1% in the TNFAIP2 low expression group. Knockdown of TNFAIP2 in nasopharyngeal carcinoma HK1 cells dramatically reduced cell migration and invasion but had no significant impact on cell growth. 30 Additionally, TNFAIP2 was found to promote cell migration and invasion via the activation of the Wnt/β-catenin signalling pathway in oesophageal squamous cell carcinoma. 32 Knockdown of TNFAIP2 inhibits the expression of β-catenin and its downstream targets, including C-Myc, Cyclin D1, MMP-7 and Snail, and upregulates the expression of E-cadherin and p-GSK-3β. GTPase and the exocyst complex to remodel the actin cytoskeleton and initiate the formation of membrane nanotubes. 4, 40 Further study indicated that the N-terminal polybasic region of TNFAIP2 directly binds phosphatidylinositol (4,5)-bisphosphate for its localization to the plasma membrane during the initial stage of TNT formation, and a positively charged surface in the C-terminal domains is responsible for TNFAIP2 interaction with active RalA. 
| Membrane nanotube formation
| GE NETIC AND EXPRE SSION ALTERATIONS OF TNFAIP2 IN CANCERS AND IN FECTIOUS D ISEASES
| Genetic alterations
Single-nucleotide polymorphisms (SNP) at the 3′UTR of TNFAIP2
have been linked to several diseases. In squamous cell carcinoma of the head and neck, the rs8126 variant C allele greatly reduced luciferase activity and mRNA expression of TNFAIP2 and increased cancer risk in an allele dose-response manner compared with the rs8126 TT genotype. 9 In another study, the rs8126 CC genotype was significantly associated with an increased risk of gastric cancer compared with the combined rs8126 TT+TC genotypes. 42 In normal oesophagus tissues, carriers of the rs8126 CC and CT genotypes had significantly lower TNFAIP2 mRNA levels than those with the TT genotypes. 43 Furthermore, the SNP at the 3′ UTR of TNFAIP2 (rs8126 T > C) is the binding site of miR-184. miR-184 is inversely correlated with TNFAIP2 mRNA and protein expression levels in glioma. 44 In septic shock patients, the 3′UTR SNP (rs8126) of TNFAIP2 is associated with the higher mortality of septic shock patients. Compared with the A allele, the G allele of TNFAIP2 rs8126 enhanced TNFAIP2 expression, decreased IL-8 production, reduced JIA ET AL.
| 5191 the survival and increased organ dysfunction in patients experiencing septic shock. 
| Expression aberrations
Expression of TNFAIP2 was found to be abnormal in cancers, bacteria and virus infectious diseases. In different types of cancer, TNFAIP2 has been suggested to be an oncogene based on its positive role in cell proliferation, angiogenesis and migration.
Chen et al reported that TNFAIP2 is one of 10 most highly induced genes in nasopharyngeal carcinoma tissues compared with the adjacent normal tissues. TNFAIP2 is highly expressed in nasopharyngeal carcinoma tissues, and increased TNFAIP2 expression is significantly correlated with low distant metastasis-free survival in patients. 30 In breast cancer, the expression of TNFAIP2 is significantly increased in triple-negative breast cancer (TNBC) samples compared with normal tissues based on the analysis of the TCGA (The Cancer Genome Atlas) database. 6 Cheng et al reported that TNFAIP2 expression is elevated in glioma tissues compared with normal brain tissues, and the expression is higher in high-grade gliomas (WHO grades III and IV) than in low-grade gliomas. 44 In addition, TNFAIP2 is overexpressed in oesophageal squamous cell carcinoma. 32 Furthermore, TNFAIP2 expression is significantly associated with tumour grade in oesophageal squamous cell carcinoma patients, and high levels of TNFAIP2 expression indicate shorter disease-free survival. 32 We analysed mRNA expression variations of TNFAIP2 in more than 30 cancer types in the TCGA database using an online tool GEPIA (Gene Expression Profiling Interactive Analysis, http://ge pia.cancer-pku.cn/index.html). As shown in Figure 2A Besides the mRNA expression analysis, we also investigated diagnostic and prognostic values of TNFAIP2. A high TNFAIP2 mRNA level is significantly associated with a short survival in several cancer types, including kidney renal clear cell carcinoma, brain lower grade glioma and thymoma ( Figure 2B ). On the contrary, a high TNFAIP2 mRNA level is significantly associated with a long survival in several cancers, including bladder urothelial carcinoma, sarcoma and skin cutaneous melanoma ( Figure 2C ). These results imply that TNFAIP2
could be a potential diagnostic biomarker and therapeutic target for cancers.
TNFAIP2 is highly expressed in normal marrow and in marrow from patients with acute myelogenous leukaemia (French-AmericanBritish subtypes M0-M2) but is suppressed in marrow cells from APL patients. 15 Kondratiev et al reported that TNFAIP2 is strongly 
